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Abstract: The efficiency of an organic light-emitting diode (OLED) is fundamentally governed 
by the spin of recombining electron-hole pairs (singlet and triplet excitons), since triplets cannot 
usually emit light. The singlet-triplet energy gap, a key factor for efficient utilization of triplets, 
is normally positive. Here we show that in a family of materials with amide donor and carbene 
acceptor moieties linked by a metal, this energy gap for singlet and triplet excitons with charge-
transfer character can be tuned from positive to negative values via the rotation of donor and 
acceptor about the metal-amide bond. When the gap is close to zero, facile intersystem crossing 
is possible, enabling efficient emission from singlet excitons. We demonstrate solution-processed 
LEDs with exceptionally high quantum efficiencies (near-100% internal and >27% external 
quantum efficiencies), and current and power efficiencies (87 cd A
-1
 and 75 lm W
-1
) comparable 
to, or exceeding, those of state-of-the-art vacuum-processed OLEDs and quantum dot LEDs. 
 
 
 
 
 
Main Text: Since the demonstration of thin-film organic light-emitting diodes (OLEDs) in the 
late 1980s (1, 2), these devices have evolved from lab curiosity to a global industry 
encompassing smartphones, tablet computers, televisions and large-area lighting. The efficiency 
of an OLED is fundamentally governed by the spin of the tightly-bound electron-hole pairs 
(excitons) which form upon electrical excitation. The ratio of emissive singlet to dark triplet 
excitons formed from randomly spin-polarized electron and hole currents is 1:3. This sets an 
upper limit of 25% internal quantum efficiency (IQE) for fluorescent OLEDs since the exchange 
energy (the singlet-triplet energy gap) is generally large, around 0.5 eV, meaning that triplet 
excitons cannot intersystem cross to emissive singlets. Phosphorescent OLEDs, which utilize the 
heavy-atom effect in platinum or iridium compounds to render triplets emissive (3, 4), and 
thermally activated delayed fluorescence (TADF) OLEDs based on thermally-promoted triplet-
to-singlet up-conversion for systems with low exchange energies (5), enable higher efficiencies. 
Here we show that the effective exchange energy in a family of copper and gold carbene metal 
amide compounds can be tuned via rotation about the metal-amide bond from positive to 
negative values. Importantly, when the effective exchange energy is close to zero, this enables 
facile intersystem crossing (ISC), which allows extremely efficient electroluminescence. These 
compounds are well-suited to solution-processing, which is a simple and inexpensive approach 
to fabrication compatible with large-area, roll-to-roll deposition. However, the precise control of 
device structure offered by vacuum-deposition usually enables significantly better performance. 
Herein, we report solution-processed LEDs with near-100% IQE (external quantum efficiencies 
>27%), high current and power efficiencies (87.1 cd A
-1
 and 75.1 lm W
-1
), as well as high 
brightness (up to 6.5 × 10
4
 cd m
-2
). These metrics are comparable to, or exceed, those of the 
state-of-the-art OLEDs (5, 6), and quantum dot LEDs (7). At brightness suitable for display 
applications, our best devices achieve the highest quantum efficiencies reported for any solution-
processed LEDs without enhanced optical outcoupling. 
Molecular rotation has attracted significant attention for its importance in biological and 
molecular nanomachines (8), and can be controlled by introducing chemical (9), thermal (10, 
11), light (10, 12), and electrical (12) energy. Herein, we show that rotational flexibility can also 
be used to break the geometric equivalence of singlet and triplet excitons in OLEDs, by allowing 
each spin-state to relax into a different rotated geometry. All molecular emitters undergo some 
geometric reorganization in response to both charged and neutral excitations, leading to the well-
known behavior of polaronic charge carriers and large Stokes shift. For singlet states with strong 
charge-transfer (CT) character, rotation that decouples the electron donor and acceptor (typically 
away from co-planarity) reduces the exchange interaction arising from overlapping electronic 
wavefunctions. Such reorganization leads to red-shifted fluorescence that accompanies the 
twisting of the intramolecular CT excited state (13, 14).  As we show below from both modeling 
and experiment, the equivalent spin triplet CT state may behave oppositely, favoring the lower 
energy planar geometry, since there is no benefit to lowering the exchange interaction. Detailed 
calculations show that when singlet and triplet excitons undergo further relaxation within these 
different geometries, the relaxed singlet may lie lower in energy than the relaxed triplet. This 
inversion of the normal ordering of spin-state energies leads to efficient down-conversion from 
triplet excitons to lower-lying singlets, since a rotation angle must exist where the two states are 
degenerate. We term this process “rotationally accessed spin-state inversion” (RASI). In contrast 
to TADF systems, the degeneracy of the singlet and triplet levels is reached for a geometry 
which still gives strong oscillator strength for the singlet CT-character exciton (absorption 
coefficient above 10
4
 cm
-1
). This facilitates prompt singlet emission (tens of ns) following ISC, 
and extremely high efficiency LED operation.  For the systems reported here, the linkage 
between donor and acceptor is formed by a carbene-metal-amide bridge.  This confers three 
important attributes: (i) extended π-electron delocalization, (ii) enhanced spin-orbit coupling, 
here from Cu and Au, and (iii) easy rotation of donor with respect to acceptor.  Fig. 1A shows a 
schematic of the RASI process.  
 Fig. 1 Rotationally accessed spin-state inversion mechanism, chemical structures and DFT 
calculations. (A) The RASI mechanism, described using a molecule with a rotational degree of 
freedom between electron donating and accepting moieties. When the donor and acceptor are 
coplanar (P), it follows E(S1) ≥ E(T1). In a rotated geometry (R), E(S1) may relax sufficiently that 
inversion of spin-state energies (E(T1) > E(S1)) can be achieved, with degeneracy occurring at θ0. 
Emission trajectories for photogenerated singlets (dot) and electrically generated triplets (dash) 
are indicated. (B) (CAAC)AuCz (CMA1) and its analogues. (C) Optimized molecular 
geometries of CMA1 for its ground state (S0), first excited singlet (S1) and triplet (T1) states. (D) 
HOMO and LUMO of CMA1, obtained from DFT and TD-DFT calculations. 
We designed and synthesized 2-coordinate cyclic (alkyl)(amino)-carbene (CAAC) 
compounds based on CAAC-M-amide (CMA) where M is Cu or Au. The compounds 
(CAAC)AuCz (CMA1) and its structurally similar analogues, (CAAC)CuCz (CMA2), 
(CAAC)AuNPh2 (CMA3), and (CAAC)AuDTBCz (CMA4) are shown in Fig. 1B (Cz = 
carbazole anion, DTBCz = 3,6-di-tert.-butylcarbazole anion).These complexes are soluble in a 
range of organic solvents, do not undergo ligand rearrangement reactions in solution, and are 
thermally stable to > 270 °C (Table S1).  
The ground (S0), first excited singlet (S1) and first excited triplet (T1) states for CMA1-4 
were computed using density functional theory (DFT) and time-dependent density functional 
theory (TD-DFT) with optimization of the molecular geometry. The ground state calculations 
yield close agreement with the X-ray crystal structures (Fig. S1). For all compounds, S0 and the 
relaxed T1 state correspond to a geometry with co-planar carbene and amide ligands, denoted by 
superscript P, while in the relaxed S1 state the amide ligand is rotated by 90°, denoted by 
superscript R. (Figs. 1C and S2A). Both S1 and T1 states have strong CT character. Excitation 
from the highest-occupied molecular orbital (HOMO) to the lowest-unoccupied molecular orbital 
(LUMO) (Fig. 1D and Fig. S2B) contributes more than 70% of the S0→S1 transition. The 
significant overlap between HOMO and LUMO enabled by extended conjugation through the 
metal linkage means this transition is strongly allowed. We estimate its energy by considering 
the excited singlet constrained to the ground state geometry (
*
1
PS ). For CMA1, this yields a S0→
*
1
PS transition at ~ 2.65 eV, in agreement with the measured absorption onset at ~450 nm (Fig. 
S3A) with high absorption coefficient (~10
4
 cm
-1
). The metal linkage also enables facile rotation 
about the metal-amide bond: the energy for full rotation in the S0 ground state is calculated to be 
143 meV for CMA1, equivalent to that of a freely rotatable carbon-carbon single bond (15).  
Considering the relative state energies (Table S2), the relaxed co-planar triplet 
PT1  
typically lies lower in energy than the equivalent singlet,
PS1 , for which the carbene-amide 
dihedral angle is fixed at 0°. However, increasing the dihedral angle allows S1 to stabilize 
relative to T1. Upon full relaxation, 
RS1  is lower than
PT1 , leading to a negative 
RS1 -
PT1  energy gap 
(ΔEST) of -0.24 to -0.34 eV. Calculated S1 and T1 energies for dihedral angles between these 
extrema for CMA1 are presented in Fig. S4. These CMA molecules are therefore the first type of 
compound capable of realizing the rotationally accessed spin-state inversion pathway described 
in Fig. 1A.  
The unusual energetic ordering in CMAs contrasts with carbene metal halide (CMH) 
fluorophores (16), where rotation about the metal-halide bond cannot lead to conformational 
change. For CMH compounds, calculated ΔEST (300-400 meV) was too large to allow TADF, 
and no phosphorescence was observed despite the presence of Au or Cu metal centers. The 
behavior of these linear CMA compounds also contrasts with 3-coordinate Cu(I) compounds 
where rotational freedom does not lead to spin-state inversion (17). 
Solid films of CMA1-4 are photoluminescent, due to the lack of strong intermolecular 
interactions, as previously observed in CMHs (16). To understand the emission mechanism of 
this class of compounds, we investigated the photoluminescence (PL) spectra and kinetics of 
spin-coated thin films under pulsed laser excitation. All compounds show a fast component to 
the PL decay with lifetime less than 1 ns (see Figs. S3B & S3C) and a slow component whose 
lifetime is strongly dependent on temperature (vide infra). We focus below on detailed analysis 
of CMA1. 
 
 Fig. 2 Photophysical characterization and temperature-dependent emission kinetics of CMA1. 
(A) Evolution of PL spectra with time at 300K. (B) Temperature-dependent PL kinetics. (C) 
Temperature-dependent total PL intensities calculated by integrating the time-dependent decays. 
(D) Fast (t < 2 ns) and slow (t = 2 μs) PL spectra recorded at 300K and 4K. (E) Temperature-
dependent decay rate kT, showing an activation energy of 45 meV above 100K. (F) Steady-state 
PL peak energies of CMA1 for different phases. Dashed lines show DFT calculations for 
selected excited state energies. The host-guest film comprises 20 wt% of CMA1 in PVK host. 
The solution sample is 0.1 wt% of CMA1 in chlorobenzene.  
Time-resolved PL spectra of CMA1 on ns-μs timescales at 300K, Fig. 2A, show a red 
shift of the PL peak position from ~500 nm at early times (0-2 ns), to ~540 nm at 2 μs. The 
lifetime of the red-shifted slow component decreases from ~10 μs at 4K to ~350 ns at 300K (Fig. 
2B). The total PL intensity increases significantly with temperature (Fig. 2C).  
At 300K, relaxation of the initially photo-excited state through twisting and stretching 
modes is expected to occur on picosecond timescales. Rotation of the bulky amide group to a 
fully relaxed geometry occurs more slowly.  Considering Fig. 2D, at 300K we assign the fast 
emission at ~ 2.5 eV to transitions from 
PS1  to S0, following Kasha’s rule.  
At 4K, internal conversion to 
PS1 is slowed as relaxation modes are frozen out, slightly 
blue-shifting the fast emission. The lifetime of the fast emission is approximately independent of 
temperature (Fig. S3C) and its relative contribution is small (~5% of the time-integrated PL). Its 
fast decay rate ( > 10
9
 s
-1
) indicates high oscillator strength, as expected for the co-planar
PS1 →S0 
transition. 
The slow emission exhibits two distinct regimes. Below 100K, it peaks at ~ 2.4 eV with 
lifetime of ~10 μs, independent of temperature. We assign this to weak 
PT1 →S0 phosphorescence, 
enabled by metal-assisted spin-orbit coupling. The fast luminescence from the planar singlet 
manifold must therefore compete with ISC to 
PT1 , the lowest energy state in the planar geometry. 
This is consistent with reversible quenching of the slow photoluminescence by exposure to 
oxygen. At higher temperature, these long-lived excitations can explore the lower-energy states 
associated with amide rotation, passing over the rotational barrier (at θ0) where S1 and T1 are 
degenerate and crossing to the rotated singlet manifold (Fig. 1A). We therefore assign the slow 
red-shifted emission to the continuum of available S1→S0 transitions, and note that the 
luminescence efficiency from these states is approximately 5 times greater than emission from  
PT1 at low temperature (Fig. 2C). From the PL data presented in Fig. 2B, we calculate the 
activation energy (EA) for the slow emission in the spin-coated CMA1 film to be 45 meV (Fig. 
2E). This is considerably lower than the calculated energy for complete metal-amide bond 
rotation, and is accessible at room temperature. Calculated activation energies for CMA2-4 are 
very similar, and are shown in Fig. S5. A simple physical model for EA is outlined in the 
Supplementary Materials. 
The observed emission behavior may be understood by considering the interplay between 
oscillator strength, rotation angle and the free volume available to each chromophore. Fig. 2F 
presents the steady-state PL spectra of CMA1 in phases with increasing free volume: from 
crystalline powder in which rotation is rigidly constrained, to solution phase in which molecules 
have considerable rotational freedom. Decreasing PL energy is associated with increasing free 
volume, in agreement with previous observations of solid-state molecular rotation (18). PL from 
crystalline powders is in excellent agreement with the fast emission of “frozen” spin-coated films 
at 4K (~ 2.6 eV), consistent with emission from constrained states where a limited range of 
relaxation modes are available. DFT calculations place 1S in the crystalline geometry (Fig. S1) at 
2.67 eV, similar to 
*
1
PS . In solution, the peak PL energy (2.2 eV) is consistent with emission 
from a fully relaxed S1 population weighted by oscillator strength (Fig. S4) with a Boltzmann 
occupancy factor. The emission of amorphous CMA1 and CMA1 in a compact poly(9-
vinylcarbazole) (PVK) matrix lie between the two, indicating that rotational relaxation is 
hindered, but not prevented, by neighboring molecules in these phases.  
To examine the performance of an intramolecular rotation-based OLED (ROLED), we 
developed a simple fabrication route with all of the four organic layers fully solution-processed 
(Fig. 3A). The device energetic structure is shown in Fig. 3B. HOMO/LUMO energies of 
CMA1-4 measured using cyclic voltammetry are given in Table S3. A polymeric hole-
transport/electron-blocking layer, poly(9,9-dioctylfluorene-co-N-(4-butylphenyl)diphenylamine) 
(TFB), was deposited on PEDOT:PSS without additional photo- or chemical crosslinking 
procedures (19), while CMA1-4 dispersed as a guest emitter in a PVK polymer host (4, 20) were 
used as the emissive layer, followed by a solution-deposited bathophenanthroline (BPhen) 
electron-transport/hole-blocking layer. From thickness profilometry measurements, we found 
that sequential deposition of the four solution-processed layers did not cause measurable 
thickness reduction of any of the underlying layers, suggesting minimum intermixing of the 
multilayer interfaces. The electroluminescence (EL) spectra and the external quantum efficiency 
(EQE) of the best ROLEDs are shown in Fig. 3C and Table 1 (with additional data in Figs. S6A 
& S6B. Angular emission profiles for the devices showed Lambertian emission (Fig. S6C), as is 
typical for OLEDs without microcavity outcoupling (21), which allows accurate estimation of 
EQE from on-axis irradiance. Similarly, the Commission Internationale de l'Éclairage (CIE) 
color coordinates of the devices showed no variation with EQE (Figs. S6D & S6E). Fig. 3D 
shows the maximum EQE histogram of 135 ROLEDs using CMA4, which produced the most 
efficient devices. Performance metrics are summarized in Table 1. The EQEs of the best devices 
at practical brightness (100 & 1000 cd m
-2
) are higher than 25%, representing a record for 
solution-processed LEDs (7, 22) without enhanced optical outcoupling, while the peak EQE of 
our best device reached 27.5%. Using the same fabrication techniques, we prepared solution-
processed OLEDs based on the high performance phosphorescent emitter Ir(ppy)3 (23). The peak 
EQE achieved was ~18% (Fig. S6F), demonstrating the versatility of our fabrication method. 
 
Fig. 3: Device performance and EL measurements. (A) Device structure of a solution-processed, 
multi-layer ROLED, with photographs of working devices. (B) Energy level diagram of a device 
based on CMA1. (C) EQE curves and EL spectra (inset). (D) Histogram of the maximum EQE 
measured from 135 devices based on CMA4. (E) Comparison of fast, slow PL and steady-state 
EL (for 20 wt% of CMA1 in PVK host). (F) Transient-EL curves measured after holding a 
device based on CMA1 at various steady-state current densities.   
 
Assuming outcoupling efficiency in the 20-30% range expected for planar OLEDs 
(5,7,21), we infer a close-to-unity (80-100%) internal quantum efficiency for the best devices 
(based on CMA1&4). Time-resolved EL measurements confirm that 100% of emission occurs 
through the sub-μs slow emission channel (Figs. 3E & 3F). There is no fast (ns) component 
which would usually distinguish between geminate singlets and triplets (24, 25). EL spectra 
typically correspond to the lowest accessible excited state, since recombination will 
preferentially occur at these sites. The steady-state EL spectrum agrees very well with that of the 
lowest-energy PL (Fig. 3E). Together, these imply that all excitons, regardless of initial spin, 
contribute to luminescence in these materials, and that emission primarily occurs from the low-
energy rotated singlet manifold identified from PL measurements and predicted by DFT 
calculation. The lifetime of the electroluminescence decreases with increasing current density, 
which may originate from exciton quenching processes (26). Given the relatively slow efficiency 
roll-off at high current, this may also be an effect of Joule heating increasing the emission rate. 
At present, it is difficult to separate these effects, but it is clear there is scope for improvement at 
high current densities. 
 
Table 1: Summary of ROLED performances (best devices). Efficiency values at different 
brightness (100 cd m
-2
 and 1000 cd m
-2
) are shown.  
Emitter 
Turn-on 
Voltage 
(V) 
EQE (%) 
Current Efficiency  
(cd A
-1
) 
Power Efficiency  
(lm W
-1
) Max. 
Luminance  
(cd m
-2
) 
Max/100/1000 
cd m
-2
 
Max/100/1000 
Cd m
-2
 
Max/100/1000 
cd m
-2
 
CMA1 2.6 26.3/ 26.1/ 25.2 76.3/ 75.8/ 73.0 62.7/ 50.0/ 37.0 44700 
CMA2 3.4 9.7/ 8.9/ 9.2 30.4 /28.0/ 29.0 11.8/ 11.7/ 9.3 7790 
CMA3 3.0 17.9/ 17.3/ 15.5 45.2/ 43.7/ 39.1 33.6/ 25.0/ 17.0 39540 
CMA4 2.6 27.5/ 26.6/ 24.5 87.1/ 84.5/ 77.9 75.1/ 50.2/ 35.5 64700 
 
As described above, we consider that the rapid ISC from triplet to singlet required for this 
efficient device performance is achieved at rotational configurations where the singlet and triplet 
energies are approximately degenerate. This allows spin-orbit coupling, enhanced by the 
involvement of the metal atom in the transition orbitals, to mix the two spin states effectively 
(Fig. 1A). For CMA1, calculations suggest this occurs at low dihedral angles, with θ0 around 15° 
(Fig S4). While we cannot rule out a contribution from activated exciton migration, the low 
activation energies we measure likely correspond to the partial rotation required to achieve ISC; 
further rotation in the singlet manifold is energetically downhill, hindered only by the 
surrounding matrix. The emission rate is thus limited primarily by rotationally-accessed ISC, 
rather than the radiative rate; even the lowest energy emission from spin-cast CMA1 film occurs 
from singlet states with intrinsic radiative lifetimes estimated to be in the tens of nanoseconds 
range.  This suggests the use of host materials with greater free volume for guest rotation to 
achieve the highest possible emission rates.  
In conclusion, we demonstrate high-performance solution-processed OLEDs utilizing a 
new class of material to harvest the energy of normally non-emissive triplet excitons. Our work 
closes the performance gap between solution-processed and vacuum-deposited OLEDs. We take 
a novel approach to the design of molecular photoemitters, employing a linear carbene-metal-
amide linkage between luminescent donor and acceptor moieties to simultaneously enhance spin-
orbit coupling and oscillator strength while reducing the barrier to rotation between donor and 
acceptor. The result is a family of compounds in which the normal energetic ordering of spin 
states may be inverted via intramolecular rotation. Photoluminescence from these materials is 
characterized by both fast and slow emissive species, where the slow species red-shifts with 
increasing temperature and free volume, and the overall PL yield increases significantly with 
temperature. These contrast with the behavior of both TADF compounds (5) and iridium-based 
phosphorescent emitters (27, 28). Crucially, degenerate mixing of spin states occurs without 
sacrificing radiative lifetime, allowing fluorescence to compete effectively with non-radiative 
relaxation. At 300K, the emission lifetime for all compounds is well below 1 μs, considerably 
shorter than most organometallic TADF emitters (whose typical lifetimes are 5-10 μs (29)), 
offering a significant advantage for achieving high-brightness operation and stability (26). 
Beyond OLEDs, spin-state inversion opens a new route for the design of molecular 
optoelectronics. For example, spontaneous down-conversion from triplets to singlets is highly 
desirable for the realization of electrically-pumped organic lasers. The possibilities of 
modulating the rotational motion of the emissive molecules with thermal and electromagnetic 
energies could excite further interest in the development of optoelectronic nanomachines. 
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